The reason both glycine and malate can be metabolized in state 4 appears to be that malate only used part of the electron transport capacity available in these mitochondria in this state. The remaining electron transport capacity was used by glycine, thus allowing both substrates to be oxidized simultaneously. This can be explained by differential use of two NADH dehydrogenases by glycine and malate and an increase in alternate oxidase activity upon glycine addition. These results help explain why photorespiratory glycine oxidation and its associated demand for NAD do not inhibit citric acid cycle function in leaves.
tricarboxylic acid cycle function.
Several authors have suggested the total or partial inhibition of the tricarboxylic acid cycle in the light (1, 2, 7, 10) . Others have shown that the cycle continued in the light (3, 8, 15) . The NADH produced by glycine oxidation can be used by malate dehydrogenase to reduce oxaloacetate to malate (17) and this malate can be linked by a shuttle system to the peroxisomal reduction of hydroxypyruvate to glycerate (12, 28) .
Isolated pea leaf mitochondria readily use both glycine and malate as substrates. In the experiments described, we added glycine to mitochondria metabolizing malate as a model reaction for determining the effect of photorespiratory glycine oxidation on tricarboxylic acid cycle function by these plants.
MATERIALS AND METHODS
During photosynthetic CO2 fixation by C-3 plants, a substantial amount of newly formed carbohydrate is oxidized back to CO2 by the process of photorespiration (29). The photorespiratory CO2 can arise either from the direct decarboxylation of glyoxylate (9, 19) or during the mitochondrial oxidation of glycine to NH3, C02, and methylene tetrahydrofolate by the enzyme glycine decarboxylase. In the latter case, NAD+ is the electron acceptor and it in turn is reoxidized by the mitochondrial electron transport chain (5, 17) . Current data suggest that in soybean (20, 21) and Arabidopsis thaliana (26) the major site of CO2 release is the glycine decarboxylase reaction. In these species, glyoxylate decarboxylation occurs only when amino donor deprivation results in the accumulation of large amounts of glyoxylate. High rates of formate dehydrogenase activity in spinach, which is distributed in relation to the photosynthetic and photorespiratory activities of the different tissues, may indicate that direct glyoxylate decarboxylation to CO2 and formate is more important in this species (20 
RESULTS AND DISCUSSION
Mitochondria isolated from pea seedling leaves metabolized malate and glycine with rates that were equivalent to those noted earlier with spinach leaf preparations (5, 17, 20) . The P/O ratios were 2.2 to 2.6 for both substrates whether determined by measuring P esterification or the 02 electrode technique of Estabrook (6) . The respiratory control ratios (state 3/state 4) were consistently higher for malate (4 to 9) than for glycine (2.5 to 5.0). The Percoll gradient-purified mitochondria showed no detectable lipoxygenase activity.
The release of "CO2 from IU-14CJmalate showed a reproducible lag of 3 to 5 min, but then proceeded at a linear rate for the next 30 min (Fig. 1 ). This lag was not apparent in the 02 electrode traces and indicates that malate dehydrogenase activity precedes malic enzyme activity in these mitochondria. CO2 release from glycine could be measured immediately as could glycine-dependent 02 uptake. To maintain the ability to oxidize glycine (up to 9 h), mitochondria had to be stored in a low concentration (2 mM ( Fig. 3A) . If, however, the mitochondria were allowed to enter state 4 before the glycine was added, the glycine caused a large increase in the rate of 02 uptake (Fig. 3B) arsemte had no effect on malate oxidation (Fig. 4A) , it was a very potent inhibitor of glycine decarboxylase activity (Fig. 4B) the rotenone-insensitive NADH dehydrogenase would become more important. In state 4, the increased NADH levels would inhibit malate dehydrogenase activity. Under these conditions, malic enzyme activity would account for the majority of malate metabolism and the highKm rotenone-insensitive pathway would be in operation.
In the presence of arsenite, an inhibitor of pyruvate dehydrogenase, the only citric acid cycle reaction that releases "CO2 from
[U-_4CJmalate is malic enzyme. By measuring the inhibitory effect of rotenone on CO2 release from malate in the presence of arsenite and glycine, it was possible to measure the relative contribution of both NADH dehydrogenases toward total 02 uptake (Table I) . CO2 release from malate was much less sensitive to rotenone than malate-dependent 02 uptake in state 3. Since the rateof CO2
release was a measure of malic enzyme activity, the NADH dehydrogenase associated with malic enzyme was much less sensitive to rotenone than the NADH dehydrogenase supplied by malate dehydrogenase. The observations agree with the conclusions of Rustin et al. (25) . In state 4, the rate of CO2 release exceeded the rate of 02 uptake, suggesting that malic enzyme activity was not inhibited by the lack of ADP and that the NADH produced by malic enzyme was used to reduce oxalacetate via malate dehydrogenase. Neither 02 uptake nor CO2 release was rotenone-sensitive under these conditions. The rotenone sensitivity of both 02 uptake and CO2 release from glycine was approximately equal in state 3 and intermediate in value between the high sensitivity seen for malate dehydrogenase and the low sensitivity for the malic enzyme. This suggested that the NADH produced upon glycine oxidation can be reoxidized by either NADH dehydrogenase (NADH-Q reductase).
Just as the electrons from glycine appear to be able to enter the mitochondrial electron transport chain by either NADH dehydrogenase, they are available to reduce 02 through either terminal oxidase. After glycine had increased the rate of 02 uptake by mitochondria metabolizing malate in state 4, all of the additional electron transport was antimycin A-sensitive (Fig. 6a) . When the antimycin A was added to mitochondria oxidizing malate in state 4 before the addition of glycine, however, the additional electron transport was mainly via the alternate oxidase (Fig. 6b) . When the antimycin A was added in state 3, no glycine stimulation was observed (Fig. 6c) . The addition of rotenone decreased both the respiratory control ratio and the P/O ratio for mitochondria oxidizing malate (Fig. 6d) . After antimycin A addition, glycine still increased the electron transport rate using the alternate oxidase. These data suggest that the electrons from glycine are able to enter the chain through either the rotenone-sensitive or the rotenone-insensitive NADH dehydrogenases and that they can reduce 02 through either the Cyt or the alternate pathway. This may partially explain the additional electron transport capacity available to glycine but not to malate.
CONCLUSIONS
Mitochondria isolated from pea leaves rapidly oxidized both glycine and malate with the concomitant reduction of NAD+ to NADH. The NADH was reoxidized to NAD+ by the mitochondrial electron transport chain and was coupled to three sites of ATP synthesis. Malate oxidation by these mitochondria in state 3 was inhibited by the addition of glycine due to competition for available NAD+. In state 4, however, glycine did not decrease the malate oxidation rate. This appeared to have resulted because in state 4 malate oxidation occurs predominantly by the malic enzyme, and the rotenone-insensitive NADH dehydrogenase. This may leave additional NADH dehydrogenase capacity available to NADH produced by glycine decarboxylase.
In addition to finding unused NADH dehydrogenase capacity, glycine may stimulate 02 uptake by diverting some additional electrons to the alternate oxidase. Because the alternate oxidase is coupled to only one site of ATP synthesis and electron transport in state 4 is limited by the rate of ATP synthesis, deflecting reducing equivalents to the alternate oxidase may have contributed to the increase in 02 uptake observed.
Partial conformation of this observation comes from the work of Day and Wiskich (4). They have shown that with pea leaf mitochondria the rate of CO2 and NH3 release from glycine was unaltered by the addition of malate, succinate, or a-ketoglutarate. Again, this suggested at least partial independence of the electron transport mechanisms connecting glycine and citric acid cycle intermediates to 02
No known mechanisms exist for the complete isolation of reducing equivalents from glycine oxidation and citric acid cycle activity. Exogenous oxaloacetate can use the NADH formed by glycine oxidation (4, 12, 28) . Similarly, added oxaloacetate could be reduced by NADH formed by malic enzyme activity (18). The mechanism that separated the reducing equivalents from glycine oxidation and citric acid cycle, therefore, was not absolute. Some exchange of reducing equivalents must occur. Indeed, in state 3, glycine and malate were competing for the electron transport capacity of the mitochondria (Fig. 1) .
Although the details of the mechanism are not understood, the separation of reducing equivalents generated by glycine decarboxylation and the citric acid cycle would allow for continuous citric acid cycle function under the high electron transport demands placed by photorespiratory glycine oxidation.
Some of the results with rotenone conflict with a recent report by Johnson-Flanagan and Spencer (11) . These authors reported that rotenone inhibited pea cotyledon mitochondrial malic enzyme. Table I 
